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SLTMMARy 

Ytterbium  stress  gages  and  power  supplies  were  developed  for  use 
with  a hardened,  remote  data-handling  system  designed  for  DNA  by  Develco. 
Tlie  system  was  used  on  Mighty  Epic  to  record  and  transmit  ground  motion 
data  in  the  region  around  a geological  fault.  Proximity  of  the  ground 
motion  sensors  and  orientation  of  the  cables  to  the  nuclear  source 
dictated  that  gages  and  cables  be  modified  by  electrical  shielding. 
Additional  gages  wore  constructed  for  Watenvays  Experiment  Station 
(WES)  to  measure  stress  throughout  the  fault  zone.  Fielding,  data 
recording,  and  reduction  were  performed  by  WES  and  are  not  presented 
here. 

Tile  design,  construction,  and  testing  of  the  gages,  cables,  and 
power  supplies  are  described. 

A brief  summary  of  constraints  on  gage  accuracy  and  an  inter- 
pretation of  data  from  the  various  geological  regions  of  the  interface 
are  discussed.  Gage  calibration  data,  necessary  for  reduction  of  field 
data,  are  presented. 
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Dr.  Ray  Shunk  ol  Electro  Mechanical  Systems  ol  New  Mexico, 

Dr.  Bruce  Hartenbaum  of  RDA,  and  LTC  Bruce  H.  Ellis  and  LCDR  John 
Gallamore  of  DN.\  Field  Command,  coordinated  the  Mighty  Epic  Experiment. 
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I INTRODUCTION 


■ 


Fnilui'c  oI  elect  ricnl  cables  tiuriiiK  gi'mind  sliock  has  severely 
restricted  UGT  data  and  could  limit  deep  basing  concepts.  Particularly 
vulnerable  arc  regions  of  large  local  differential  motion  such  as  occur 
at  geological  faults  and  .joints,  and  also  large  distributed  relative 
motion  such  as  occurs  along  cables  lying  in  the  plane  of  the  shock. 
Techniques  for  cable  hardening  in  those  regions  and  alternative  methods 
of  data  transmission  are  being  investigated  by  DNA.  One  of  the  most 
promising  of  the  transmission  techniques  is  low-frequency  electromagnetic 
(EM)  propagation  through  the  ground.  A system  using  ground  propagation 
is  under  development  by  Develco.  In  this  system,  a canister,  hardened 
against  ground  shock,  receives  data  from  nearby  hard-wired  transducers, 
stores  the  data  and  transmits  tliem  to  a remote  station  upon  receipt  of 
a command  from  that  station. 

To  test  the  Develco  canister  and  to  obtain  ground  motion  data  in 
the  vicinity  of  a geological  interface,  an  experiment  was  conducted  as 
part  of  the  Mighty  Epic  UGT.  The  objectives  of  the  work  descrilied  in 
this  I'oport  wei’e  to  develop,  construct,  and  tost  ytterbium  gages, 
power  supplies,  and  cables  compatible  with  the  Develco  system  and 
suitalile  for  measuring  frce-ficld  stress  in  the  UGT.  Late  in  the 
program,  a task  was  added  to  construct  additional  gages,  gage  liolders, 
and  cables  (but  not  power  supplies)  for  a hardened  canister  system 
developed  by  Waterways  Experiment  Station  (WES).  The  purpose  of  the 
WES  measurement  was  to  obtain  free-field  ground  motion  above  and  below 
the  geological  interface,  the  measurements  below  being  redundant  to  the 
Develco  measurement.  The  gage  and  cable  designs  for  the  WES  measurements 
wore  therefore  essentially  identical  to  the  Develco  system.  The  power 
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supplies  ior  the  WES  j;ancs  were  dosi{;nod  aii(i  constructed  by  U'ES  and  were 
a version  of  those  developed  at  Sltl,  niodilied  to  pci’mit  ijrosliot  calit)ration 
of  tlie  system. 

Field  installation  of  the  Develco  canister  was  accomplished  by  UE.S 
and  Develco.  Installation  of  the  WES  hardened  canisters  and  recordinp; 
and  I'cdiiction  of  data  were  performed  by  WES.  Details  of  these  activities 
are  presented  in  separate  reports  by  those  agencies.  W'e  have  inclufleci 
a brief  description  of  the  experimental  layout  to  illusti'ate  unusual  gage 
and  cable  design  rcciuirements , and  have  briefly  descriljcd  the  field  tost 
results  for  completeness.  The  principal  material  pjrcsentod  in  the  following 
sections,  however,  describes  the  design,  constrvict ion,  and  testing  of  the 
gages,  power  supplies,  and  cables.  It  will  bo  noted  that  two  configurations 
of  shielded  stress  gages  (paddle  and  cylindrical)  are  described,  although 
only  the  paddle  gage  was  used  in  Mighty  Epic.  The  cylindrical  gage  evolved 
during  the  program  when  it  was  thought  that  the  Develco  system  would  bo 
fielded  on  Husky  Pup,  which  requii’ed  the  cylindrical  geometry.  We  include 
its  description  because  the  laboratory  shock-loading  tests  of  the  shielded 
grid  for  both  types  of  gages  were  performed  on  this  configuration  and 
because  this  gage  may  be  useful  in  future  tests. 
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II  KXPh'KIMENTAL  KEQUIHEME.NTS 

The  physical  conf if^uration  of  the  Mifihty  Epic  interface  experiment 
was  sufficiently  different  from  prior  free-field  layouts  to  require 
redesign  of  the  gages,  cables,  and  power  supplies.  To  better  under- 
stand the  nature  of  the  revisions,  it  is  instructive  to  describe  the 
configuration  hero. 

In  a typical  arrangement,  the  gage  is  positioned  in  a long  hole 
drilled  radial  to  the  working  point  (UP)  or  in  a short  liole  tangential 
to  the  shock  front.  In  both  cases  the  length  of  cable  close  to  the  UP 
is  kept  to  a minimum  to  reduce  the  induced  electrical  signals  and  to 
reduce  the  length  of  cable  sub.joctod  to  high  stress  shock  loading. 

In  addition,  power  supplies  and  recording  equipment  are  well  removed 
from  the  gi'ound  shock  region.  Being  remote,  with  access  to  ac  power, 
the  supplies  can  provide  sufficient  current  to  the  gages  to  ensure  that 
data  signals  will  bo  well  above  induced  noise  without  extra  shielding 
of  gages  and  cables.  This  is  a significant  advantage  since  shielding 
greatly  complicates  both  construction  and  installation. 

By  contrast  to  the  "typical"  system,  the  Mighty  Epic  configuration, 
shown  in  Figure  1,  resulted  in  long  lengths  of  cable  running  essentially 
tangential  to  the  ground  shock  and  in  high  EM  fields.  In  addition,  the 
power  supplies  were  located  in  canisters  within  the  ground  shock 
environment  (Develco  system),  as  shown,  and  required  mechanical  as  well 
as  electrical  hardening.  In  the  Develco  system,  data  recording  was 
performed  in  the  canister  as  well,  which  therefore  required  batteries 
to  assure  post-shock  power.  Because  of  the  battery  power,  gage  viewing 
currents  were  necessarily  lower.  This  reduction,  coupled  with  the  close 

* 

UGT  free-field  measurement. 
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EXPERIMENT 


proximity  to  the  WP  mandatccl  the  use  of  sliiolclctl  gages  and  doubly 
sliioldcd  cables.  To  further  decrease  the  pi'obability  of  electrical 
pickup,  a balanced  circuit  system  was  used  that  utilized  twinax  cable 
in  place  of  the  usual  coaxial  cable.  These  requirements  could  not  be 
found  in  a commercial,  rugged  cable  and  necessitated  special  cable 
construction. 

In  addition  to  these  requirements,  the  gages  had  to  record  "free- 
field"  stress  in  the  widely  different  geological  media,  tuff  and  quartzite, 
of  the  interface  experiment.  The  effect  of  the  two  media  on  the  measure- 
ment presented  additional  problems  of  data  interpretation.  These  are 
discussed  in  detail  in  the  following  sections. 
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Ill  MIGHTY  EPIC  INTERFACE  STRESS  SYSTEM 


A.  Stress  Gages 

The  basic  concepts,  calibration,  and  testing  of  the  ytterbium 

piezoresistant , soil-stress  gage  have  been  abundantly  described  else- 
1-6 

where.  We  present  here  primarily  design  modifications  made  to 

incorporate  shielding  and  structural  strength  into  the  "paddle"  config- 
uration, and  shock  loading  tests  of  these  modifications.  We  have 
included  brief  summaries  of  constraints  on  gage  calibration  and 
validity  of  stress  measurement  to  aid  in  interpretation  of  field 
data  (Appendices  A and  B) . 

The  shielded,  paddle  gage  design  developed  for  Mighty  Epic  is 

shown  in  Figures  2,  3,  and  4,  which  illustrate  the  basic  components 

and  stages  of  assembly.  The  gage  consists  of  a 50  Q,  ytterbium  grid 
* 

bonded  to  a Kapton  backing  (Figure  2).  The  ytterbium  foil  is  the 

stress  sensitive  element  of  the  transducer.  The  transducing  element 

changes  resistance  proportional  to  the  tensor  state  of  strain  within 
4 

the  foil.  The  foil  grid  is  3 in.  by  3 in.  by  0.002  in.  thick  (50  Q) 
or  0.001  in.  thick  (100  0 gage).  The  grid  elements  are  0.015  in.  wide 
with  0.015  in.  separation.  Electrical  contact  between  the  grid  and 
ii.aer  conductors  of  the  cable  is  made  by  braided  leads  configured  in  a 
serpentine  pattern  (Figure  2).  Both  the  braid  and  pattern  allow  for 
possible  differential  displacements  between  grid  and  cable  due  to 
shock-induced  motion.  The  grids  and  leads  are  sandwiched  between 
copper  clad  fiberglass  boards  (commerical  PC  boards,  0.060  in.  thick) 
as  shown  in  Figure  3.  Structural  strength  between  the  inner  shield 
of  the  cable  and  the  fiberglass  boards,  and  electrical  shielding  at  the 

♦ 

Kapton,  E.  I.  Du  Pont  Co. 
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FIGURE  4 STAGE  3 OF  YTTERBIUM  PADDLE  GAGE  ASSEMBLY 


gage  are  obtained  from  the  copper  yoke  system,  as  shown  (Figure  3). 

This  inner  shield  is  soldered  and  clamped  to  the  yoke  by  the  tapered 

plug  and  collar  (shown  most  clearly  in  Figure  4).  The  outer  shield 

of  the  twinax  is  cut  back  and  allowed  to  float  (electrically)  with 

respect  to  the  gage  (the  complete  electrical  shielding  system  is 

described  in  the  next  section).  Gage  shielding  is  completed  by  joining 

the  copper  cladding  of  the  PC  board  with  copper  foil  and  covering  the 

yoke  opening  with  copper  sheet.  The  inner  volume  of  the  yoke  is  potted 

* 

with  a low  shear  strength  gel  to  allow  relative  motion  between  the  foil 
and  leads.  The  gage  is  completed  by  an  insulating  coating  of  epoxy 
Homalite  as  shown  in  Figure  5. 

The  double-shielded  RG22  B/U  cable^  was  constructed  by  adding  a 
second  shield  and  Insulation  of  abrasion  resistant  propylene  to 
standard  HG  22  B/U  twinax  cable.  The  cable  is  shown  in  the  gage 
assembly  view,  Figure  4. 

Ten  gages  with  nominal  electrical  impedance  of  50  Q were  constructed 
for  the  Devclco  system,  and  17  with  nominal  impedance  of  100  Cl  for  the 
WES  measurements.  The  higher  impedance  gages  represented  a modification 
introduced  to  obtain  higher  signal  levels.  Gage  nomenclature,  grid 
resistances,  and  cable  lengths  for  both  systems  are  given  in  Table  1. 

It  can  be  seen  that  the  Develco  cables  were  substantially  longer  ( 50  to 
290  ft.  versus  10  ft.)  than  those  of  the  WES  system.  These  long  cables 
were  primarily  responsible  for  the  double  shielding  requirement  because 
the  magnitude  of  the  signal  induced  on  the  inner  conductors  of  a shielded 
cable  is  proportional  to  the  length  for  given  field  strengths. 

* 

Cyanogum  41,  American  Cyanamid  Company,  Pearl  River,  ITY . 
t 

Manufactured  by  Storm  Products,  Inc,,  Palo  Alto,  CA. 
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COMPLETED  PADDLE  GAGE  ASSEMBLY 
(COURTESY  OF  WATERWAYS  EXPERIMENT 
STATION) 


FIGURE  5 


(Clamp  aiKl  wirp  ate  part  of  a 
tost  pottorrruxi  by  WES) 


Table  1 


GAGE  NOMENCLA'TURE , RESISTANCES,  AND  CABLE  LENGTHS 


Rosis 

(Q) 


Cable 

(ft) 


210 

W1 

100 . 30 

10 

W2 

101.50 

10 

W3 

94.00 

10 

WT 

97,00 

10 

* 

300 

W1 

93.84 

10 

W2 

94.42 

10 

W3 

86.04 

10 

W4 

92.26 

10 

W5 

93.04 

10 

400 

W1 

103,38 

10 

W2 

101.74 

10 

t 

W4 

95.14 

10 

W5 

92.96 

10 

A (Use  as 

210W5) 

98.8 

10 

B Spare 

115.3 

’ 10 

C (Use  as 

400W3 ) 

107.5 

10 

SPARE 

82.0 

10 

210 

D3 

55.54 

290 

D4 

53.09 

270 

D5 

54.12 

250 

300 

D3 

56,31 

250 

D4 

53,65 

230 

D5 

51.72 

210 

400 

D3 

49.88 

100 

04 

53.33 

75 

D5 

44.19 

50 

SPARE 

50.50 

_ 

Has  Lucite  spacers 
at  cable  connection 


W5  - Use  WES  A (SPARE) 
Vs  - Use  WES  C (SPAilE) 


n. 


Gage  Tests 


Two  typos  of  tests  wore  performed,  quality  control  tests  of  the 
grid  elements,  and  a shock  loading  test  of  the  grid  and  shield  configu- 
ration, The  quality  checks  were  conducted  on  each  grid  by  subjecting  the 
y ttoi’bium-Kapton  assembles  first  to  pulse  excitation  of  3 amps  and 
100  volts  and  second  to  dc  (10  min)  current  excitation  of  100  mA. 
Repeated,  high-current  pulsing  tends  to  stabilize  grid  resistance  by 
fusing  poor  joints  between  the  foil  and  leads  and  also  by  eliminating 
possible  hair-line  bridges  between  grid  elements,  DC  excitation  is 
poi'formed  at  a current  of  approximately  50%  higher  than  that  expected 
in  field  use  to  simulate  worst  case  heating  conditions.  By  using  a 
constant  current  source  and  observing  the  voltage  across  the  grid, 
resistance  changes  due  to  joule  heating  can  be  monitored.  Excessive 
changes  (not  a major  problem  in  pulse  current  excitation  and  recording) 
cause  saturation  of  the  recording  circuits  in  the  systems  and  are  there- 
fore unacceptable. 

The  pulse  and  dc  tests  were  conducted  prior  to  final  bonding  of  tlic 
ytterbi um-Kapton  package  to  the  fiberglass  board.  An  additional  i^ulse 
test  was  performed  after  encapsulation  and  before  connecting  the  grid 
to  the  cable,  A final  test  of  continuity  was  performed  after  cable 
connection. 

The  effect  of  shock  loading  on  the  shielded  grid  was  examined  in 
one  high  explosive  test.  At  the  time  of  the  tost  it  was  anticipated 
that  a cylindrical  gage  configuration  would  be  required  for  placement 
in  a radial  drill  hole  (Husky  Pup  Event)  and  therefore  the  armored 
grid  assembly  was  cast  into  a cylinder  of  epoxy.  However,  the  results 
are  felt  to  be  applicable  to  the  Mighty  Epic  paddle  gage  because  the 
basic  grid  configurations  are  identical.  The  lost  is  described  in 
detail  in  Appendix  A.  Results  indicated  that  the  armoring  did  not 
adversely  effect  the  gage  response  within  the  pi-cssure  range  tested, 
up  to  3,-1  kbar,  19 


C . Consti'aints  on  Uata  Interpretation 

Tlio  ci'cfiibi  lity  of  "frec-f  iolci”  stress  data  is  dependent  on  the 


accuracy  of  data  recording  and  reduction  and  also  on  the  validity  of 
tlie  calibration  fimctions  by  which  gage  output  is  reduced  to  f roe-field 

7 

stress.  Techniques  for  data  recording  and  reduction  are  well  developed. 
Kelating  gage  output  to  freo-field  stress  is  difficult  in  stress  ranges 
where  material  strengths  alter  the  local  stress  distributions  around 
gages.  In  the  case  of  the  Mighty  Epic  measurements,  the  applicability 
of  gage  calibration  data  and  the  effect  of  tne  grout  sti'ength  on  tlie 
measurements  in  the  different  geological  media  were  largely  unknown. 
Bounds  on  the  magnitude  of  the  uncertainties  in  measurements  from 
calibration  and  placement  are  reviewed  briefly  in  Appendices  B and  C. 

It  can  be  concluded  from  the  review  that; 

• With  respect  to  gage  calibration,  an  uncertainty  of 
not  more  than  ±15%  is  introduced  in  the  reduction  of 
field  data  by  using  the  calibration  obtained  for  1-D, 
planar,  shock-loaded  ytterbium.  This  uncertainty 
appears  to  apply  over  the  range  for  which  multiple 
loading  path  data  exist,  namely,  2 kbar.  The  shock 
data  can  therefore  be  used  to  reduce  field  records. 

These  data,  from  an  unpublished  work  of  Ginsberg, 
are  given  in  Appendix  1), 

• There  is  a pronounced  effect  of  gage/grout/soil 
relative  material  strengths  on  gage  response.  Based 
on  static,  elastic  analysis  (referenced  in  Ajjpendix  C) , 
the  thickness-to-width  ratio  of  the  paddle  configu- 
ration is  sufficiently  small  that  the  gage  registers 
stress  in  the  surrounding  grout  to  within  a few  percent. 

However,  the  stress  in  the  grout  column  may  be  as  much 
as  75%  lower  than  that  in  a higher  modulus  medium,  such 
as  the  granite  below  the  Mighty  Epic  interface.  In  the 
tuff,  above  the  interface,  the  moduli  are  probably 
sufficiently  matched  between  grout  and  soil  so  that 

the  gage  registers  free-ficld  stress.  This  analysis 
does  not  include  rate  effects  or  changes  in  moduli 
with  stress. 


20 


D. 


Gage  Holders 


The  constraints  on  data  interpretation  discussed  above  apply  to  a 
more  or  less  idealized  emplacement  of  gages  in  drill  holes.  In  reality, 
the  hole  is  also  a vehicle  for  experiments,  canisters,  cables,  etc. 
that  can  be  grossly  mismatched  in  modulus.  These  inclusions  also  distort 
and  alter  the  stress  in  and  around  the  gage.  In  the  Mighty  Epic  holes 
the  U'ES  canisters  were  connected  by  thick-walled  tubing  to  which  the 
gages  were  attached.  To  reduce  possible  distortion,  holders  were 
constructed  that  located  the  gages  in  the  holes  at  as  large  a distance 
as  possible  from  the  tubing  and  maintained  the  plane  of  the  grid  normal 
to  the  shock  direction.  The  holder  design  is  shown  in  Figure  6.  The 
completed  assembly  clamps  to  the  canister  connecting  tubes  and  holds 
two  gages.  One  gage  was  connected  to  the  nearest  (10  ft)  WES  canister 
and  the  other  to  the  Develco  canister  at  the  bottom  of  the  drill  hole 
(from  80  to  400  ft,), 

E , Power  Supplies 

As  discussed  previously,  the  requirements  for  the  power  supply 
were  that  it  be  low  power,  constant  current,  triggerable,  and  capable 
of  withstanding  mechanical  shock.  The  circuit  developed  to  meet  these 
requirements  is  shown  in  Figure  7,  Gage  current  is  triggered  by  the 
optical  Isolators  to  decouple  trigger  cables  from  the  supply.  The 
shunt  diode  string  protects  the  isolators  from  line  transients. 

Switching  is  provided  by  the  2N  3643.  Current  regulation  is  accomplished 
by  feedback  from  the  Darlington  pair,  2N  3143  and  2N  5194.  The  two  47-0 
resistors  parallel  with  the  gage  terminate  the  twinax  cable  (double 
shielded  RG22U)  in  its  characteristic  impedance  and  also  form  a 
balanced  system  that  reduces  common  mode  noise  signals.  The  shunting 
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FIGURE  7 CIRCUIT  DIAGRAM  OF  CONSTANT  CURRENT  SUPPLY 


resistors  reduce  the  gage  sensitivity  hy  ~ 1/2,  however,  it  was  felt 
that  tlie  noise  rejection  was  necessary  in  the  expected  EMP  environment 
and  more  than  compensated  for  the  reduced  signals. 

Electrical  shielding  of  the  gage  and  power  supply  are  shown  in 
Figure  7.  The  gage  is  connected  to  the  inner  shield  of  the  twinax 
cable,  which  is  also  power  supply  local  ground  (negative  battery). 

The  outer  shield  is  tied  to  canister  ground,  as  shown.  In  essence,  the 
entire  supply  and  cable  system  is  double  shielded. 

Battery  charging  current  is  limited  to  a maximum  of  2 mA  and  is 
diode  coupled  to  the  circuit.  The  charge  input  is  connected  to  local 
ground  to  suppress  induced  signals  on  the  charge  line  should  this  line 
open  during  ground  shock.  Two  identical  constant  current  circuits  for 
two  gages  are  connected  in  parallel,  as  shown. 

The  physical  layout  of  the  supplies  is  as  shown  in  Figure  8.  Each 
board  contains  three  power  supplies  and  connects  to  the  canister  circuits 
via  the  circumferential  holes.  The  boards  are  stacked  axially  in  tlie 
canister.  (Details  of  canister  design  and  testing  are  presented  in  a 
separate  report  by  Develco.) 

Performance  characteristics  of  the  supply  are  illustrated  by  the 
response  curves  of  Figures  9,  10,  and  11.  In  Figure  9,  the  effect  of 
battery  voltage  on  the  supply  current  is  shown.  The  current  indicated 
is  that  in  the  shunt  resistors  (two  47-Q  resistors.  Figure  7).  It  can 
be  seen  that  over  a wide  range,  from  7 to  15  volts,  the  current  is 
constant  to  within  ±2%.  Normal  operating  level  is  12v. 

In  Figure  10,  the  variation  in  supply  current  with  gage  resistance 
(50  Q gage)  is  shown.  Over  a wide  range  of  resistance,  '157c  change,  the 
current  decreases  by  only  117c.  The  expected  maximum  change  in  resistance 
expected  in  the  Mighty  Epic  experiment  was  ~ 22%  (3  kljar).  Oage  current 
would  therefore  be  constant  to  with  ~ 6%. 
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FIGURE  8 PHYSICAL  ASSEMBLY  OF  CONSTANT  CURRENT  SUPPLY 
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FIGURE  9 
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BATTERY  VOLTAGE  — volts 

MA-3875-17 

CURRENT  AS  A FUNCTION  OF  SUPPLY  VOLTAGE 
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FIGURE  10  VARIATION  IN  GAGE  CURRENT  AS  A FUNCTION  OF  GAGE  RESISTANCE 


FitiUi'e  11  shows  the  net  effect  of  shunt  resistance  and  current  drop 

on  gage  sensitivity.  Voltage  aci'oss  the  gage  is  plotted  as  functions  of 

resistance  change  and  stress,  the  latter  derived  from  the  data  of 

Appendix  D.  The  curve  labeled  "loading"  can  also  be  used  for  unloading 

response  from  peak  stresses  up  to  l.l  kbar;  the  unload  voltage  reflects 

the  hysteresis  observed  in  ytterbium  and  must  be  converted  to  stress  by 

a function  dependent  on  peak  stress.  This  function  can  be  obtained  from 

•1 

previous  data  as  follows.  Unloading  data  have  been  fitted  by  Ginsberg 
to  the  form 

AH 

CT  = A + (1) 

u K 

o 


where  A and  B are  constants  that  depend  on  peak  stress; 


and 


B = K - K (7 

1 2 ^peak 


(2) 


A = - B AR  /R  (R) 

H o 

where  R is  the  residual  resistance  in  unloading,  and  R is  the 
H o 

initial  prestressed  resistance.  In  Reference  4,  the  residual  resistance 
has  been  related  to  peak  stress  by 


AR. 


K + K log  CT 
3 4 e peak 


(1) 


The  unloading  stress  as  a function  of  peak  stress  is  therefore: 


a = f K - K CT 
u ' 1 ^ peak ; 


AR 


- (k  ( K log  a .) 
\ 3 '1  e peak/ 


(3) 


where  K = 24.26 
1 

K = 1.81 
2 -3 

K = - 6,87  X 15 

K = 5.42  X 10 
4 

AR 

u 

■j^ — = unloading  resistance  cnange. 
o 
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A sample  unloading  curve  derived  iroin  the  stress-resistance  funtion 


of  Eq . (5)  and  the  resistance-voltage  curve  is  shown  in  Figure  11 
(labeled  "unloading"). 
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I IV  SIMLIUY  Ol'  RESULTS  ,VND  ItECOMMENDATlONS 

J In  Section  I it  was  noted  that  the  scope  of  the  SRI  program  did 

^ not  include  fielding,  data  recording,  reduction  and  interpi-etation. 

These  aspects  of  the  experiment  are  presented  by  IVES  in  separate  reports. 
However,  for  completeness,  we  present  here  some  preliminary  test  results 
and  conclusions  on  adequacy  of  the  stress  measuring  system. 

Of  the  one  Develco  canister  that  returned  partial  data,  the  stress 
channels  did  not  produce  usable  data.  In  the  WES  system,  approximately 
50%  of  the  stross-MUX  systems  produced  records.  Three  of  the  more 
significant  records  are  shown  in  Figures  12,  a,  b,  c.  These  represent 
data  from  tuff  and  quartzite  of  Hole  and  tuff  of  Hole  =4.  In  general, 
the  amplitudes  and  arrival  times  are  about  as  predicted.  The  failure 
^ times  of  the  stress  channels  correspond  to  the  loss  of  all  data  from 

the  MUX's  in  the  interface  region. 

Of  particular  note  is  the  genei-ally  low  noise  level  including  zero 
time  EMP.  Since  gage  currents  were  only  SO  ma , the  excellent  signal 
to  noise  ratio  indicates  that  system  shielding  and  signal  processing 
were  very  effective.  In  particular,  records  from  the  gage  in  tuff 
(Figure  12c)  clearly  show  a precursor  of  ~ 7%  and  a noise  level  of 
< 2%  of  peak  stress. 

It  appears  that  the  combination  of  shielding,  constant  current 
I source,  balanced  twinax  and  MUX  can  yield  a higli  resolution,  credible 

stress  measuring  system  that  could  bo  used  over  a wide  range  o'"  soil 
stress.  However,  improving  system  reliability  and  defining  gage-soil 
Interaction  at  low  stress  levels  remain  two  areas  whore  further  work 
( i s req  u i rerl , 

I 
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Appentiix  A 


TEST  OE  SHIELDED  GAGE,  3 KIIX)DAKS 

By 

W.  J.  .Murri 

To  investigate  possible  eflects  of  electrical  shields  on  gage 
mechanical  shock  response,  a shielded  gage  in  epoxy  and  standard 
fiberglass  paddle  gages  were  subjected  to  a 3 kbar  stress  wave  in  a 
sand  medium.  The  epoxy  gage  configuration  is  shown  schematically  in 
Figure  A-1.  The  vulnerable  region  of  the  double-shielded  design  was 
felt  to  be  around  the  cable-to-grid  Joints.  The  test  was  conducted 
primarily  to  determine  the  behavior  in  these  regions.  The  pressure 
source  of  121  lbs  of  nitromethane  and  the  gage  layout  are  shown  in 
Figure  A-2.  The  gages  were  18  ± 1/8  in.  from  the  high  explosive  surface 
and  were  located  at  an  expected  peak  stress  of  2 to  3 kbar.  The  sand 
was  sprayed  with  water  after  emplacement  of  the  gages  and  until  puddles 
formed  on  the  surface.  It  was  thought  that  near-saturation  could  be 
obtained;  however,  apparently  this  was  not  achieved,  as  discussed  below. 

Results  of  the  tost  are  shown  in  Table  A-1  and  in  the  voltage-time 
traces  of  Figure  A-3 . 


Table  A-1 


HIGH  EXPLOSIVE  TEST  RESULTS 


Peak 

Gage Stress 

Paddle  gages  2 kbar  (Av.) 

Homalite  block  gage  ~3.4  kbar 


Rise 

Time 

18  u,sec  (Av.) 
17  u,  sec 


Record i ng 
Durat i on 


< 100  usee 
> 500  asec 
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FIGURE  A-2  HIGH  EXPLOSIVE  TEST  CONFIGURATION 
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FIGURE  A-3  VOLTAGE-TIME  PROFILES  FOR  HIGH 
EXPLOSIVE  TEST 
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The  results  show  two  significant  features:  excellent  recording 
duration  was  obtained  by  the  block  gage,  and  dissimilar  wave  shapes  were 
recorded  by  tlio  two  types  of  gages.  The  recording  duration  is  indicative 
that  the  complex,  shielded  joints  of  the  block  gage  arc  adequately 
designed  and  constructed  (Epoxy  cylindrical  gages  typically  do  not  fail 
as  rapidly  as  the  paddle  gage).  The  dissimilar  wave  shape  and  peak 
stresses  were  of  concern  and  necessitated  the  analysis  described  here. 


1.  Peak  Stress 

To  explain  the  difference  in  peak  stress  measurement,  it  is  instructive 

to  look  at  shock  wave  data  on  saturated  and  partially  saturated  Ottawa 

A-1 

banding  sand  obtained  by  Froula. 

The  pertinent  data  are  shown  in  Figures  A-1  and  A-5  (from  Reference 

A-1).  Note  that  plexiglas  is  a good  impedance  match  to  lOCi  saturated 

sand  up  to  ~5  kbar.  However,  the  impedance  match  diverges  as  the  degree 

1 

of  saturation  decreases.  In  Figure  A-6,  the  C-7  data  of  Keough  are 
plotted.  If  homalite  is  assumed  to  be  similar  to  C-7,  the  data  can  be 
used  in  a simple  graphical  analysis.  Using  the  value  of  2.1  kbar  (determined 
by  tlie  paddle  gages)  as  the  equilibrium  stress  value  in  the  sand  and  using 
the  Froula  Hugoniot  for  23“^:  saturation,  a stress  of  ~2 . 9 kbar  would  bo 
predicted  in  a block  of  C-7  (or  Homalite).  The  gage  in  the  Homalite 
would  record  this  stress.  The  stress  actually  measured  by  the  gage  in 
Homalite  was  -^.4  kbar.  Clearly,  if  the  saturation  of  the  sand  were 
slightly  greater  than  231,  the  result  of  the  graphical  analysis  would  be 
close  to  the  measured  stress  value. 

It  seems  reasonable  that  the  difference  in  peak  stress  recorded  by 
the  paddle  gages  and  the  block  gage  is  caused  by  an  impedance  mismatch 
between  the  wot  sand  and  the  Homalite  block,  t lie  sand  being  less  tlian 
lOdo  saturated  in  t lie  experiment  at  ClIKS.  Total  saturation  would  be 
difficult  to  achieve  unless  a llnei-  (plastic)  were  placed  between  the  sand 
and  the  dirt.  Even  then,  the  water  would  1 1'lid  t <i  be  unevenly  d i s t r i but  ('d  , 
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STRESS  — kbar 
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PARTICLE  VELOCITY  — mm//jsec 


MA-3875-23 

FIGURE  A-4  STRESS  VERSUS  PARTICLE  VELOCITY  FOR  OTTAWA  BANDING  SAND, 
100%  SATURATION,  +20°  AND  -10°C  (FROM  FROULA,  19711 


AO 


PARTICLE  VELOCITY  — mm/#isec 

MA -3875-24 


FIGURE  A-5  STRESS  VERSUS  PARTICLE  VELOCITY  FOR  OTTAWA  BANDING  SAND, 
23%  SATURATION,  +20°  AND  -10°C  (FROM  FROULA,  1971) 
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Stress-Time  Histories 


I 

. 

( 
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Tho  two  major  differences  in  profiles  are  the  rapid  decrease  after 
peak  and  steady  offset  of  tho  block  gage  compared  to  the  expected 
exponential  decay  measured  by  tho  paddle  gage. 

It  is  reasonable  to  expect  the  more  rapid  decrease  if  the  impedance 
mismatch  cited  above  is  assumed.  In  this  case,  relief  waves  from  the 
cylindrical  boundary  between  the  epoxy  and  sand  would  occur  between 
10  and  14  psec  after  first  arrival  of  the  longitudinal  wave  at  the 
plane  of  the  grid.  In  addition,  a relief  from  tho  rear  boundary  will 
arrive  at  approximately  the  same  time.  A decrease  comparable  to  the 
rise  time  would  be  expected  after  this  because  of  the  generally  slow 
rise  of  the  applied  stress. 

The  rather  constant  offset  after  stress  relief  is  somewhat  larger 

than  would  be  expected  from  residual  resistance  (hysteresis)  as  determined 
4 

by  Ginsberg.  At  3 kbar  peak,  Ginsberg's  data  show  a hysteresis  of  26'  , 
whereas  the  block  gagj  indicates  32%  to  37%.  Tho  higher  percentage  may 
be  due  to  stretching  caused  by  the  lateral  unloading  waves.  To  obtain 
a more  quantitative  correlation  between  observed  and  expected  profiles, 
a code  calculation  of  the  expected  stress  and  strain  states  woulfl  be 
required.  This  calculation  was  felt  to  be  unwarranted  in  view  of  the 
limited  data  from  this  tost  and  complexity  of  the  calculation. 

3 . Conclusion 

The  results  of  the  high  explosive  tests  indicated  that  tho  jointing 
of  the  shielded  gage  did  not  adversely  affect  longevity;  the  wave  profiles, 
although  different,  were  explainable  and  not  due  to  the  shielded  grid 
configuration;  and,  finally,  that  the  peak  stress  was  as  could  lie  expected 
from  the  sand  environment.  Therefore,  the  double  shielded  grid  is  an 
adequate  configuration  for  a soil  stress  gage. 
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Appendix  B 


STRESS-RESISTANCE  CALIBRATION  OF  YTTERBIUM  GAGE  AT  LOW  STRESSES 
1 . Loading 

All  commonly  used  "stress"  gages  rely  on  a measurement  of  the  state 
of  sti'ain  within  the  gage.  Applied  loads  that  change  the  strain  tensor 
in  the  transducing  element  therefore  change  the  gage  calibration.  Ytter- 
bium exhibits  this  behavior,  as  evidenced  by  the  difference  between  the 
hydrostatic  pressure  and  uniaxial  strain  coefficients  of  piezoresistance; 
~..0.06  0/ Q kbar  and  0.04  Q/ Cl  kbar  at  1 kbar,  respectively.  Since  the 
gage  matrix  material  will  also  affect  the  state  of  strain  in  tlie  sensor, 
calibration  should  be  performed  in  the  matrix  and  mode  of  compression 
expected. 

4 3 

We  examine  here  the  data  of  Ginsberg,  Smith,  etal.,  and  Smith, 

5 

et  al . , which  reflect  various  loading  curves  lor  a variety  of  strain 
conditions.  To  date,  calibrations  have  been  performed  in  Lucite  at 
high  strain  rates  and  uniaxial  strain  (shock)  and  in  fiberglass  (field 
configuration)  at  very  low  strain  rates  and  essentially  unknown  strains 
(static).  The  different  loading  calibration  curves  in  the  low  kilobar 
range  are  shown  in  Figure  B-1 . 

The  "unconfinod"  foil  calibration  was  perfomiod  under  uniaxial 

3 

sti-ess  loading  using  Lucite  platens,  i.e.,  the  foil  was  not  supportei 
laterally.  It  is  possible  that  tiie  inflection  in  the  curve  is  caused 
by  yielding  in  the  platens,  which  results  in  a largo  strain  coupled  to 
tlie  foil  and  thus  alters  the  resistance.  The  magnitude  of  the  stress 
at  the  inflection  point  is  consistent  with  the  yield  stress  of  plastics. 
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AXIAL  — kbar 


~0.8  kbar.  The  difficulty  in  using  any  of  these  calibrations  to  reduce 
field  data  is  that  the  mode  of  compression  in  the  field  is  not  well 
known.  The  limits,  howevei',  probably  fall  within  the  uniaxial  strain 
(Lucite)  and  the  fiberglass.  The  fiberglass  represents  unconfined  com- 
pression of  the  fiberglass  and  ytterbium  package.  More  precise  pressure 
calibration  requires  additional  compression  tests  in  which  the  strain 
states  are  carefully  controlled.  However,  the  uniaxial  strain  shock  calibra- 
tion appears  to  be  accurate  for  reduction  of  field  data  to  within  ~ ±15*”^. 

2 . Unloading 

Calibration  data  lor  unloading  response  are  shown  in  Figure  B-2 . 

Here  the  data  have  been  normalized  to  a common  ^ R/R  peak  value,  i.e., 

o 

resistance  changes  refer  to  the  unload  A R/R  • Again,  the  strain  state 

o 

is  seen  to  affect  the  calibration,  but  to  a lesser  extent  in  the 
"expected"  modes  of  compression,  i.e.,  in  the  Lucite  and  fiberglass 
matrices.  Here  the  "error"  would  bo  significantly  less,  a few  percent 
maximum  for  the  majority  of  the  unloading  data. 

Multiple  cycle  unloading  data  exist  for  the  fiberglass  matrix 
3 

tests.  These  are  shown  in  Figure  B-3 , together  with  the  unconfined 
foil  tests.  These  latter  data  illustrate  the  influence  of  tlie  mode 
but  are  unrealistic  with  respect  to  gage  use.  It  can  be  seen  that  the 
fiberglass  matrix  tends  to  load  and  unload  with  decreasing  "hysteresis." 

3 . Reloading 

Reloading  data  are  shown  in  Figure  B-4.  Here  the  data  show  a 
greater  dependence  on  foil  thickness  than  on  mode  of  compression.  Tlie 
curves  marked  "fiberglass  matrix"  and  "Lucite  matrix"  represent  data 
for  one  foil  thickness,  0.002  inches.  It  is  seen  that  the  maximum 
difference  again  is  on  the  order  of  ±15%. 
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• Ginsberg,  "1-D  Strain"  Shock,  0.002-inch  Foil 
Lucite 

Smith,  Unknown  Strain,  (Probably  1-D),  Static 

Fiberglass 

Ginsberg,  "Unconfined"  Foil,  Static,  Lucite 

Platens  (AR/Ro)  Peak  Normalized 


FIBERGLASS  MATRIX  - 
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/' 
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/ / J I I I I 
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AR/Rq  — unload 


MA  3875-8 


FIGURE  B-2  LOW  STRESS  UNLOADING  DATA 
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FIGURE  B-4  LOW  STRESS  RELOAD  DATA 


0.03  0.04  0.05  0.06 

— reload 


MA-3875-10 


-1. 


Lower  Stress  Limit 


Tlie  lower  practical  limit  of  stress  sensitivity  is  somewliat  a 
function  of  duration  of  tlie  stress  pulse  being  measured  and  the  power 
supply  system.  As  the  duration  increases,  joule  )ieating  of  the  gage 
(due  to  the  large  viewing  currents  necessary  to  detect  tlie  resistance 
change)  in  a pulsed  supply  causes  larger  changes  in  resistance  than  do 
stresses.  For  short  durations,  a lew  hundred  microseconds,  a lower 
limit  of  tons  of  bars  is  practical.  By  use  of  ac  bridges,  rather  than 
pulsed  dc,  a resolution  of  100  bars  has  been  obtained  for  durations 
of  tons  of  milliseconds. 
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Appendix  C 


ESTIMATE  OF  UNDERREGISTRATION  OF  PRESSURE,  LOW 
MODULUS  GROUT  IN  HIGH  MODULUS  SOIL  (ROCK) 

The  uncertainties  discussed  in  Appendix  B refer  to  stress  in  the 
gage  matrix.  Relating  tliis  stress  to  that  in  a surrounding  medium  is 
more  difficult  since  the  dynamic  constitutive  properties  of  the  medium 
are  often  unknown.  General  studies  of  the  response  of  various  gages 
in  the  elastic  range  of  gage  and  medium  materials  have  shown  strong 
dependence  of  gage  stress  on  relative  moduli,  as  well  as  on  gage  aspect 
ratio  and  on  sensor-to-gage  area.  Tliese  studies  have  not  been  extended 
to  the  elastic-plastic  regime.  At  stresses  well  above  yield  strengths, 
deviatoric  stresses  become  less  significant  and  gage  stress  can  be 
readily  related  to  medium  stress.  In  this  appendix,  we  estimate  the 
possible  effect  of  a mismatch  in  moduli  between  the  gage-grout  con- 
sidered as  a gage  and  the  surrounding  modium.  In  the  case  of  tuff,  wo 
have  assumed  that  tlie  "gage"  registers  correctly  because  the  grout  is 
matched  in  modulus  and  strengtli  to  the  tuff.  This  is  not  necessarily  so, 
because  tlie  dynamic  strengths  in  situ  are  largely  unknown. 

With  respect  to  granite,  an  estimate  can  be  made  by  considering 

C-1 

the  analysis  for  elastic  material  behavior  as  presented  by  Taylor 
and  others. 

Taylor  has  shown  that  the  relative  pressure,  gage  to  soil,  is  a 
function  of  the  gage  geometry  and  relative  compressive  moduli  according 
to : 
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Pg  - Ps 

^ 1 - 

Ms 

Mg' 

Ps 

B 

Ms 

K 

- 

1 + - • 
D 

Mg 

where  Ps  = soil  pressure 
Pg  = gage  pressure 
K = constant 
Ms  = bulk  modulus  of  soil 
Mg  = bulk  modulus  of  gage 
B = half  thickness  of  gage 
D = gage  diameter  . 


If  we  assume  the  grout  column  to  bo  our  "gage,"  then  B/D  - 0.5  and 
the  relative  pressure,  Pg/Ps,  as  a function  of  modulus  ratio,  Ms/Mg,  is 
as  shown  in  Figure  C—1,  where  K has  been  assumed  equal  to  1. 

In  the  case  of  a grout  column  in  granite  and  in  a stress  range 
from  ~ 0.25  to  3 kbar: 

12  , 2 

Ms  = constant  10  dynes/cm 

11  11  ,2 
Mg  = 1 ,x  10  to  2 X 10  dynes/cm 

Ms  . „ . - 

and  — varies  from  10  to  o. 


The  grout  modulus  is  assumed  to  be  identical  to  a nearly  satuiated 
ash-fall  tuff.  Tlie  "gage"  underregisters  from  ~75%  to  60%  over  the 
range  from  ~ 0.25  kbar  to  ~ 3 kbar  granite  pressure. 


j 
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Appendix  D 


STRKSS-RKSISTANCK  RKSPONSE  OF  YITERBIUM 
0-10  kbar 


Tlie  loading  stress-resistance  data  for  ytterbium  have  been  fitted 


4 


by  Ginsberg  to  the  relations: 


2 


^ = 1.08  1 - Exp(-20.80x)  + 9.108X 


for 


X = AR/R  between  0.0  and 
o 


1.0  (~10  kbar). 


Data  for  x in  increments  of  0,001  are  given  in  Table  D-1, 
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Table  D-1 


STRESS  (a)  - RESISTANCE  CALIBRATION  DATA 


DELTA  R/RO 

STRESS (KHAR) 

delta  r/ho 

STRESS (K8AR) 

0 ■ OnO 

O.oOUOOOO 

, 0 0 ). 

.0314412 

.051 

1.1750026 

.002 

.0624233 

,052 

1,1918311 

ri  n "1 

V V V/  .J 

.0929574 

• 0 53 

1 .2006009 

.004 

.1230512 

. 054 

1,2251652 

.005 

,1327142 

. 0 55 

1,24157/2 

.006 

.1619554 

. 056 

1.2570402 

.007 

.2107033 

,057 

1.2739571 

.008 

.2392065 

,0  50 

1 .2!599309 

.009 

.2672334 

,059 

1.3057647 

.010 

.2943720 

.060 

1.3214612 

.011 

.3221304 

,061 

1 ,3370233 

.012 

.3‘»90164 

a 062 

1,3524539 

.013 

.3755377 

,063 

1.3677555 

.014 

.4017018 

.0  64 

1 .3029308 

.015 

.4275160 

,065 

1,39/9825 

.016 

.4529675 

.066 

1,4129130 

.017 

.4701235 

,067 

1,4277250 

.010 

.5029307 

.068 

1 ,4424207 

.019 

.5274160 

.069 

1,4570027 

.020 

.5515859 

.070 

1.4714732 

.021 

.575‘+471 

,071 

1 ,4858346 

.022 

.5990050 

.072 

1,5000890 

.023 

.62226b3 

.073 

1,5142300 

.024 

.6452406 

,074 

1 ,5282860 

.025 

.6679203 

,075 

1.5422320 

.026 

.6903336 

,o76 

1,5560012 

.027 

.7124759 

,077 

1,5693332 

.020 

.7343462 

.078 

1,5034909 

.029 

.7559550 

,079 

1.5970562 

.030 

.7773077 

.080 

1,6105309 

.031 

.7904096 

,081 

1.6239170 

.032 

.8192658 

.082 

1 .6372162 

.033 

.0398614 

, 083 

1 .6504305 

.034 

,8602614 

,084 

1 • 663561 4 

.035 

,80O4lo6 

.065 

1,6766107 

.036 

,9003337 

,086 

1.6895002 

.037 

.9200354 

,087 

1.7024714 

.030 

.9395203 

,008 

1.7152859 

.039 

.9587928 

,089 

1.7200254 

.040 

.9778573 

.090 

1 ,74y6914 

.041 

.9967181 

.091 

1.7532053 

.042 

1.0153794 

.092 

1 . 76o8088 

.043 

1. 0338452 

.093 

1,7782632 

.044 

1.0521197 

.094 

1.7906499 

.045 

1,0702067 

.095 

1.8029703 

.046 

1,0881100 

.096 

1.8152259 

.047 

1.1058336 

.097 

1.8274179 

.040 

1.1233811 

.098 

1,8395476 

.049 

1 . 1407560 

.099 

1,8516164 

.050 

1.1579620 

.100 

1,8636255 

56 


r 

Table 

D-1  (Concluded) 

- - 

DPlTA  r/ro 

STRESS  (r.yAR) 

delta  R/RQ 

S T s S ( K8  R > 

0 • 1 1 0 

1 .9rt06903 

.120 

2.0929881 

.510 

^.75/.s33 

.130 

2. 2y 14139 

.-20 

5,8493383 

.140 

2.3u6695o 

.33j 

5 , 9-»  i 

h .150 

2.4094219 

.540 

6.0327057 

i . 160 

2.5100/43 

.55  0 

6,  I2‘>3r.84 

1 .170 

2.6090418 

.56,1 

6,2160 705 

.180 

2.7066407 

.5  7 ; 

6,3077523 

.190 

2.8031280 

.580 

6 , 3 9 9 4 3 3 8 

.200 

2.8987126 

,590 

6,4911149 

.210 

2.9935640 

,600 

6. 5o 2 7959 

.220 

3. 08/8197 

. 61  0 

6 , 6 7 6 7 

.230 

3.ioibS/18 

»62o 

6.7661573 

'(  .240 

3.2/49710 

,63  0 

6 , o 5 7 3 3 i 0 

.250 

3.3680311 

.64  0 

6, 94  95 ’,82 

‘ .260 

3.4608320 

.650 

7,0^:1  1985 

.270 

3. 5334224 

,660 

r,l3dii  788 

.280 

3.6458419 

j o 7 (J 

7,2245590 

.290 

3.7301225 

.680 

7,3162392 

.300 

3.8302903 

.690 

7,40/9194 

.310 

3.9223665 

,700 

7,4995995 

.320 

4,0143682 

.710 

7,5912796 

.330 

4.1063095 

. 720 

/ ,6829397 

.340 

4.1982019 

. 73o 

7.7746397 

.350 

4.2900543 

. 74  0 

7,8663198 

.360 

4.3818743 

.750 

7.95/9998 

.370 

4.4736681 

,760 

8 ,0496709 

.380 

4 .56544  05 

.770 

8,  I-,  13599 

.390 

4.6571955 

.780 

8.2330399 

.400 

4.7489364 

.790 

8,3247109 

.410 

4.8406659 

.800 

8.4163999 

.420 

4.9323861 

,810 

8, 5030799 

.430 

5.0240983 

.820 

8,5697600 

.440 

5.1158053 

.830 

8.6914400 

.450 

5.2075068 

.840 

8,7831200 

.460 

5.2992043 

.850 

8,8748000 

.470 

5.3908985 

.860 

8,9664000 

.480 

5.4825901 

.870 

9,0581600 

.490 

5.5742795 

.880 

9 ,1498400 

1 .500 

5.6659671 

,890 

9,2415200 

1 

.900 

9.3332000 

,910 

9,4248800 

.920 

9,5165600 

.930 

9,6082400 

.940 

9.6999200 

,950 

9,7916000 

( 

• 960 

9,8832800 

.970 

9,9749600 

.980 

10,0666400 

.990 

10.1583200 

1.000 

10,2500000 

57 


’I 


DISTRIBUTION  LIST 


DKPAin'MK.Vr  OK  DKFKNSt: 


I)K1*AI{  r.MKN  r OK  I HK  AKMV  ((  onlinut<n 


Diroftor 

Dofriiso  AilViuU'tKl  Usi-h.  Proj.  Aiioncv 
ATTN:  \MliO 
AITN:  P.MO 
A'l  T.\;  S'K) 

Oiroflo  r 

Drffhst*  (ommunications  Agency 
AT  TN:  CixK*  <);{() 

Oc'ferLsc  I)oc‘Ufm*nta<ion 
I2cy  ATTN:  IC” 

Diri’clor 

Dofonso  lnli*lUj»i*nc*t‘  /\gi*ncy 

v\TTN:  l)B— K'2,  Timothy  Hoss 

Director 

Defense  Nuclear  Ajicney 

A'l’TN:  STSI  Archives 
ATTN:  DDSr 
2cv  A'lTN:  SPI  D 
;}cy  ATTN:  SPSS 
:icy  ATTN:  STTL,  Tech.  I.ihrary 

Dir.  of  Defense  Hsch.  & Knjiincerin^ 
ATTN:  S&SS(OS) 

Com  mander 
Field  C'ommand,  DNA 
.VI'IN:  KCTMD 
A'rrN:  KCPU 
2cy  ATTN:  FCTMt)K 
-Icy  ATTN:  KCTM(’ 

Chief 

Livermore  Division,  Kid,  (‘ommand  DNA 
ATTN:  KCPHL 

Chief 

Test  Construction  Division 

Field  Command  Test  Directorate,  DNA 

2cy  ATTN:  K('rc 

DEPAHTMKNTOK  rilK  AHMV 


Director 

BMD  Advanced  Tech.  Ctr. 

AT'IN:  lCHDABII-.\ 

ATTN:  CBDAIBNS 
A T I N:  ATC-T,  Melvin  I . Capps 

Pn>j;ram  Man:mer 
BMD  Program  Office 

ATTN:  DACK-BMI 
ATTN:  CBDAB.M-NK 

(‘ommamler 

B.MD  System  Command 

A'lTN:  BDMSC-TKN,  Noah  I Hurst 
A1TN:  H DeKalb 

Dep.  Chief  of  St;iff  For  Ksch.  Dev.  & M\). 
ATTN:  DAMA-eSM-N 


Chief  of  Kn^int‘crs 

ATTN:  DAKN-Mt.  K-l) 

A I I N:  DAKN-BDM 

Commander 

llarrv  Diamond  Laboratories 

’ A l l N:  DItXDO-'l  I.  l ech  Mb 
A I I N;  DUXDO-KBII,  James  II  C.walUu  s 
AT'IN:  A.  .I.  Baba 
AIIN:  DBXDO-NT' 

Commander 
Picatinnv  .Arsenal 

A l l N:  S.MCPA-ND-W 

Di  rector 

C.S.  .Army  Ballistic  Research  Kabs 

ATTN:  l ech.  Mb.  , KdwanI  Baie\ 

Commander 

r.S.  .Armv  Kn^ineer  Center 
A r'MN:  ATSKN-SV-L 

Division  Kn^ineer 

C.S.  .Arrm  Kn^ima^r  Div.  Huntsville 
AIIN:  lINDKD-Sli 

Director 

I . S.  .Armv  Fnjjr.  Waterways  K.>cper.  Sia, 

AT'rX:  J.  D.  Day 
.A  I TN:  James  Ballarrl 
A I TN;  C»uy  Jackson 
-Ai'J'N:  John  N Strang' 

-A  T 'P  N ; Willi  a m F I :i  t ha  u 
ATTN:  J.  K lii|;ram 

Corti  mander 

C.S,  .Armv  Nuele:ir  .A^ciun 
AI  IN:  *li‘ch.  Mb 

DKPAH  IMKN  l <H-_mF  NM  ^ 

( ifficer-ln-t’haiyt' 

Civ  il  Fniiineermti  Labor;  torv 
Naval  ( (mslruetion  Battalion  Center 
.\  I I N:  St.an  lakiihashi 
.ATTN:  I ei-hnieal  Librarv 

AI  TN:  It  J (M  mllo 
AIIN:  J.  Cniwtonl 
.A  I TN-  l.r>l,  Warn*n  Shaw 

Com  mander 

Nav.al  |■:u•lhties  Ftv^jiiu'erinn  Ct>mm:md 
Ht'adqua  rters 

.AI  I N:  Teehni<-al  Librarv 

Naval  Plant  Itepresentative 
Naval  Plant  Bt  presenUilue  Otfiee 
Strategic  Systems  Pn>ject  office 
Utckhi'e<)  Missile  and  Space  Companv 
ATTN:  SPL  :i2r» 
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frifiCKDINO  PA'5£  BLAMC-IWT  fllKSD 


DEPAKTMENT  t)l’  THE  NAW  (Continued) 


OTHEU  CU)\'EKNMENT  A(;EN(  IES  (Conlinm-d) 


Director 

Naval  Heseurch  Laboratory 

ATTN;  I'lKic  2(500,  lech.  Lib. 

Commander 

Naval  Surface  Weapons  ('enter 
ATTN:  Kurt  Inkenhaus 
AT'l'N:  WA50 

DEPARTMENT  OK  THE  AIR  FORCE 


AK  Woa|>ons  Laboratory,  AKSC 
.\TTN:  RN(NT) 

ATTN:  DES-S,  M.  A.  Plamondon 
ATTN:  DEP,  Jimmie  L.  Bratton 
ATTN;  DED 

.ATTX:  DES-i\  Robert  Henn} 
ATTN:  SVL 


2cy 


Al’TN:  DES-G,  Mr.  Melzer 
ATTN;  HNB(NS) 

ATTN:  RNE(EL) 

ATTN:  RND(DY) 


Department  of  the  Interior 
C.S.  Geoloj;iea‘.  Survey 

A I’TN;  C'eeil  B.  Raleigh 
ATTN:  J.  11.  Healy 

DEPARTMENT  OF  DEFENSE  ('ONTRAC'K )RS 


Aerospace  C'orporalion 

2cy  ATTN:  Tech.  Info.  Sc'rvices 

Agbabiaii  .Associates 

.ATTN;  C'arl  Baggc 
A'l'l  N;  M.  Agbabian 

Analytic  Services,  Inc. 

.A'l'TN:  George  Hesselbach(‘r 

.AppUtHl  Theory,  tnc. 

2ey  A TTN;  John  G.  Trulio 

Artec  Associates,  Inc. 

.ATTN:  Steven  Gill 


Headqua  rters 

.Air  Force  S\stems  Command 

.ATTN:  lechnical  labrary 

Coninuinder 

Foreign  Technology  Division,  .AFSC 
-ATTN;  TD-BTA,  Library 

HQ  t SAF/RD 

Al  lN;  RIX^SM 

SAMSO/DE 

.ATTN;  DEB 

ENERGY  RESEARCH  & DEVELOPMENT  AinUNLSTRATION 


Tniversitv  of  California 
Lawrence  Lisermore  Lal>oratory 
A r I N:  David  Oakley,  L-21 
.ATTN;  \’ictor  Karpenko,  L-113 

Ia>s  .Alamos  Scientific  Laboratory 

.A  T TN:  I)oc.  Control  for  Reports  Lib. 

Sandia  L.dxiratories 
Livermore  Udxiratory 

.Ar  i'N:  Doe,  Control  for  lech,  labrarv 

Sandi:i  Lalx)ratories 

•ATTN:  Doc,  ('on.  for  Wendell  1),  Weart 
AH  N:  IK>c.  Con.  for  Luke  J.  V<»rtman 
AITN;  Doc.  Con.  for  ’1111,  Sandia  R()t.  Coll. 
AT  I N;  D»)c.  Control  for  Carter  Broyles 

o mier  government  agencies 


Battelle  Memorial  Institute 

ATTN:  1 eehnieal  Library 

The  BD.M  Corporation 

.ATTN:  Tech.  Lib. 

The  Boeing  C'ompany 

A I TS:  Robert  1 ) >•  rd ah  1 
.AT  TN:  Aerospace  Library 

Brown  Engineering  Company,  Ine. 

.A  TTN:  Manu  Patel 

California  Research  & Teehnology,  Ine. 
.Vn'N : She  Idon  Shus  tc  r 
ATTN;*  Ki*n  Kreyenhagen 
A TTN;  Teehnieal  Library 

Civil/Nuelear  Systems  C'orp. 

.A  l'  I'N:  Robert  C rawford 

Eleelromechanieal  Sys.  of  New  Mexico,  tnc. 
A'l’TN:  R.  A.  Shunk 

Ei\grg.  Decision  Anaivsis  Co.  , Inc. 

,Al  I N:  R.  P.  Kcnmslv 

(K-neral  Electric  Company 
I E MPO-('entcr  for  AdvanctHl  Studies 
A l l N:  DASI.At’ 

H-Tech  Laboratories 

.AI  TN:  B.  Hartenbaum 

irr  Research  Institute 

.AI  TN:  lechnical  Librar\ 


Di'partnieht  of  the  Intermr 
t . S.  Geologii-al  Surv«»i 
SjH’cial  Proji'cts  Center 

ATTN:  William  Iwenhofel 
AI  TN:  Arthur  Fernald 


Instifuti*  for  Defen.st'  .Analvses 

.A  I TN:  ID.A  Librarian,  Ruth  S Smith 

.1  H.  Wiggins  Co.  , Ine. 

.\  I I N;  John  Collin.s 


no 


p 
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Kaman  Sciences  ('or;K>ralion 

A TTN:  Ki’oiik  H.  Shelton 

Loclvhcctl  MiN.oles  & Space  Co.  , Inc. 

A T l’N:  .lack  Wilson,  Dcpl.  f)H-10 
AT'rX:  A.  Uisso,  Dept.  5S-10,  lUd.  U)2 
ATTN:  Kdwin  A.  Snulh,  Dcpl.  85-sr> 

Lockheed  Missiles  :uid  Space  ( ompany 
.\rTN;  S.  ll.  Salisbury 
ATTN:  Tom  Geers 
AI  TN:  Lloyd  K.  Chase 

McDtmnell  Dtni^las  Cor|x^ration 
ATTN:  .1.  Kirby 
A’n'N:  IL  M.  Herkowitz 

Merrill  Cases,  Incor{>orateti 

ATTN:  Technical  Libr:irv 
AT'l'N:  .1.  [..  Merritt 

Mission  Hesearch  Corjxjration 

.VrrN:  Connid  L.  Um^jmire 

Mission  Hesearch  Corporation 

Ar’I’N:  David  K.  .Merewether 

Mission  He.search  Corporation-San  Die^o 
AT'l'N:  V.  A.  .1.  V:ui  lant 

1he  Milrc  C'orporation 
AT1N:  Library 

I'niversity  of  New  Mexico 

Dcpl,  of  Campus  Security  and  Police 
ATTN:  G.  K.  Triandafalidis 

Newmark,  Nathim  M. 

Consullintf  Kn^ineerin^  Services 

Cniversilv  of  Illinois 
ATTN:  W.  Hall 
AT  TN:  Nathan  M.  o’ewmnrk 

Pacifica  Technoloj^v 

Ai  rX:  H.  Hjork 
Al'I'N;  G.  Kent 

Physics  International  ('ornpany 

AT  TN;  Doc.  Control  for  IVnnis  Orphal 
AT  TN:  l>oc.  Con.  for  Charles  (hxlfrey 
ATTN:  Doc.  <’on.  for  /•’r<‘<I  M.  Sauer 
.\TTN:  Doc.  Control  for  Coye  Vincent 
A r'I'N;  .foe  Kochl<*y 

.ATTN:  Doc.  Con.  for  L:irr\  .A.  Ih'hrmann 


The  Kami  ('orporalion 

.A'l'TN:  Technical  labrary 

« D Associates 

.ATTN:  Henry  Coo[u*r 
.ATTN:  Technical  Library 
A T'IX:  .1.  G.  Lewis 
.A  TTN:  Hobert  Pori 
.AT'l’N;  Cyrus  P.  Knowles 
.ATTN:  Harold  !,.  Hrale 

Sci<‘nee  .Applications,  Ine. 

.ATIN:  H,  Parkinson 
.ATTN:  Larry  Scott 
.ATTN;  Olan  Nance 

Science  .Applieal ions,  Inc. 

AT'IN;  H.  I.  Miller 

Science  .Applicatitms,  Inc. 

.A  T I N ; •)  :iincs  ( ' rame  r 
A T TN:  d.  Hosier  Hill 

Scit'nccs  Applications,  lncorpor:il»nl 
.A  T TN:  Hurt  Chambers 

St:inforfl  Hesearch  Institute 

AT'TN;  n.  K.  Lindberv; 

.A'l’TN;  ( ri'orjje  ( a rfientc r 
.ATIN;  C.eorne  H.  .\br:ihamson 
.Ar'TN:  Djui^jfas  1)  Keouj^h 
.ATTN:  Donald  H.  Curran 

Systems,  Science  and  Software,  liu 
ATTN:  Mud  Pxafl 
.\TTN;  Phil  Coleman 
, AT'TN;  Teehnu-al  Librarv 
.ATTN;  Ihmald  H Grine 
A J I N:  Hussell  K DufI 
.\l  TN;  Charlt's  H.  Ihsnuikes 

Terra  Tek,  Ine. 

AT'IN;  Teehnii-al  Librar\ 

ATTN-  Sidne\  tlreen 

1 HW  Systems  Group 

ATTN  Pelt-r  K Dai.  HI  /2170 
.Al'IN-  Norm  Lipner 
AT'TN-  leeh  Info,  ('enter  S 

THW  Systems  Group 

.A'T'TN;  Cirenors  D Mvdi-h»*r 

Weidlin^er  Assoe  ( ■j)nMilf in^'  Knjjineer.s 
A T TN  ■ MeU  m 1 Haron 


(U 


